We investigate experimentally and theoretically nondegenerate four-wave mixing in rubidium vapor using a diamond configuration ͑5S 1/2 , 5P 1/2 , 5P 3/2 , and 6S 1/2 levels͒. We model this process of three classical fields interacting with a four-level atomic system with the Schrödinger equation. The experimental results are in good agreement with theoretical predictions for the generated light as a function of detuning.
I. INTRODUCTION
Four-wave mixing ͑FWM͒ is an effective way to generate correlations and entanglement in quantum optics. The simultaneous requirements of conservation of energy and momentum in the process facilitate the appearance of quantum coherences. FWM in an atomic vapor was the first method used to produce squeezed light ͓1͔. The system is again the focus of intensive research through the connection with the DuanLukin-Cirac-Zoller protocol for the creation of entangled photons ͓2͔ and its realization in different atomic gases ͓3-5͔. Recently, substantial twin-beam squeezing ͓6͔ has been observed using FWM in a double lambda configuration.
This paper presents our experimental and theoretical study of nondegenerate FWM in Rb vapor in a diamond configuration: a single ground state, two intermediate states, and an upper state. This system has been studied theoretically and experimentally in the past and has some unusual properties related to the phase sensitivity of the process and nonabsorptive states ͓7-11͔. This configuration also allows the generation of light at telecommunication wavelengths using rubidium and cesium atoms ͓5,12͔, that can be applied to quantum information and quantum communication using atomic systems. Here we describe our investigations on the generation and characterization of light at telecommunication wavelength in a rubidium vapor cell via FWM. Figure 1 shows a four-level atomic system in a diamond configuration interacting with three waves of frequencies i ͑i =1,2,3͒. Level a is the ground state coupled to levels b and d by fields E 1 at frequency 1 and E 3 at frequency 3 , respectively. Level c is coupled to level b by field E 2 at frequency 2 and to level d by the field resulting from the FWM process at frequency 4 = 1 + 2 − 3 due to energy conservation. The atomic states in 87 Rb that we use to generate FWM light and map to the schematic of Fig. 1 are ͉a͘ = ͉5S 1/2 , F =2͘, ͉b͘ = ͉5P 1/2 , F =1͘, ͉c͘ = ͉6S 1/2 , F =2͘, and ͉d͘ = ͉5P 3/2 , F =1͘. The lifetimes of the exited levels are b = 27.8 ns, c = 46 ns, and d = 26.4 ns. Figure 2 shows a schematic of the experiment. Three beams in a nearly copropagating configuration overlap in the center of a heated rubidium cell. We heat the cell in an oven to 100°C with a resistive wire producing a magnetic field about 0.5 G at the center of the cell along its axis. An InGaAs amplified photodetector with a long pass filter with a cutoff wavelength of 1350 nm collects the generated FWM light in the direction defined by phase matching. The 5-cmlong cell contains a natural mixture of 85 Rb and 87 Rb without buffer gas.
II. EXPERIMENTAL SETUP
We study the FWM process in 87 Rb for different experimental configurations. Three beams from three lasers at wavelengths of 795, 780, and 1324 nm with diameters of 1 mm overlap in the vapor cell with relative angles that satisfy the phase matching condition, Figure 2 shows the angles among the three beams that generate FWM light at 1367 nm.
A titanium:sapphire laser with a linewidth of about 1 MHz, drives the D1 transition at 795 nm. This laser is locked to an atomic transition in an independent vapor cell, for example, the 5S 1/2 , F = 2 to 5P 1/2 , FЈ =1 in 87 Rb from saturation spectroscopy. A 1324 nm diode laser with a linewidth Ͻ1 MHz drives the transition 5P 1/2 → 6S 1/2 . A temperature and current controlled laser diode ͑Sharp GH0781JA2C͒ at 780 nm drives the D2 transition. It has a Gaussian linewidth measured by self-homodyning ͑over 1/3 s͒ with a long delay fiber characterized by width ͑͒ of 11 MHz. The intensities of the beams at the center of the cell are typically around 15ϫ 10 4 , 3ϫ 10 4 , and 3 ϫ 10 4 mW/ cm 2 , respectively. All the lasers are linearly polarized: the lasers at 795 and 1324 nm in the same direction, and the polarization of the generated light is the same as the 780 nm beam. have orthogonal polarizations. We record the output of the photodetector collecting the generated FWM light in a digital oscilloscope as we scan the frequency of the two diode lasers: the laser of 1324 nm at a rate of 0.1 Hz and the laser of 780 nm at a rate of 20 Hz. The experimental data consist of the intensity of the FWM generated light as a function of detunings of these two lasers from the specific atomic transitions for a given frequency of the 795 nm laser ͑see Fig. 3͒ . We calibrate the frequency of the laser at 1324 nm with a wave meter of Ϯ30 MHz resolution. We use the absorption lines from a reference rubidium cell at room temperature to determine the frequency of the 780 nm laser during the data acquisition. Figure 3 shows an example of experimental results for the generated light as a function of detunings of the 780 and 1324 nm lasers: ͑a͒ three-dimensional representation and ͑b͒ contour plot. The FWM generated light has a frequency 4 = 795 + 1324 − 780 due to energy conservation, and includes resonant features depending strongly on the detunings of the lasers. The features with labels in the contour plot ͓Fig. 3͑b͔͒ will be explained in Sec. IV.
III. THEORETICAL MODEL
We model this system as a four-level atom interacting with three different monochromatic external fields, each one coupling a single transition. Figure 1 shows this four-level atomic system in a diamond configuration interacting with three fields E 1 , E 2 , and E 3 of frequencies i ͑i =1,2,3͒, respectively, and generating FWM light at frequency 4 . We solve the Schrödinger equation, ignoring decay, Doppler effect, and depletion of the pump beams; we obtain the atomic polarization of the system oscillating at 4 , which describes the generated light from the FWM process. The Hamiltonian is
where H a is the uncoupled atomic Hamiltonian and HЈ͑t͒ is the field-atom interaction Hamiltonian; ជ is the electric dipole moment and E ជ is the total external field.
We write the total external field as a scalar ͑our model does not take into account any polarization effects͒ as follows:
where E j are the amplitudes of the fields in the process, and we have ignored the spatial dependence of the field, and any propagation effects. The wave function ͉⌿͘ describes the state of the system, which we write in terms of the eigenstates of the free atomic system as
where a,b,c,d are the atomic energies and H a ͉k͘ = ប k ͉k͘. The coefficients C k ͑t͒ are the probability amplitudes that the system is in the state ͉k͘ and describe the evolution of the state. In the rotating wave approximation, the amplitudes evolve due to HЈ as 
Rb. False color image; large intensity white ͑white͒; low intensity blue ͑dark gray͒. See the text for an explanation of specific resonances labeled in the figure. d dt
where ⌬ j = j − nm are the detunings of the fields from the corresponding transitions
given by
and ⍀ j = E ជ j · ជ / ប are the atomic Rabi frequencies. We solve Eq. ͑4͒ assuming a trial solution for level d of the form C d ͑t͒ = Ae i␤t , where ␤ is time independent. We use this expression in Eq. ͑4͒ to find the coefficients C b , C c , and C a in terms of the coefficients A, and the characteristic energies ␤ ͓13͔ ͑quasienergies͒. The coefficients C k ͑t͒ are
A j e i␤ j t , ͑6͒
where
, for the quasienergies defined as the four roots of the equation
We can find the analytical expressions for these coefficients by assuming that all the population is in the ground state ͉a͘ at t = 0, so that C a ͑0͒ = 1 and
Applying this initial condition to Eqs. ͑6͒, we obtain a timeindependent algebraic equation for the coefficients A j in terms of detunings, Rabi frequencies, and the quasienergies ␤ j as follows:
where the factor
is a common factor contributing to the location of the resonances. Each coefficient C j ͑t͒ oscillates at four different frequencies related to the solutions of Eq. ͑7͒ ␤ i ͑i =1,2,3,4͒. Figure 4 shows the quasienergies, at given Rabi frequencies, for a fixed ⌬ 3 detuning and for two different ⌬ 1 detunings as a function of the detuning ⌬ 2 ͑solid lines͒. The dashed lines correspond to the uncoupled atomic system. The choice of parameters in the plot is compatible with our experimental realization. Note the avoided crossings in the quasienergies of the field-atom coupled system for different ⌬ 1 detunings. The amplitude of the generated light from the FWM process at frequency 4 is proportional to the component of the atomic polarization oscillating at the same frequency. Components oscillating at other frequencies do not satisfy energy conservation and do not contribute to the process.
The atomic polarization related to the transition ͉c͘ → ͉d͘ contains only four terms oscillating at the frequency 4 and 12 oscillating at different frequencies as follows: where ␤ jk = ␤ j − ␤ k 0 for k j, and P cd j is the term of the atomic polarization oscillating at the frequency 4 describing the transition ͉c , ␤ j ͘ → ͉d , ␤ j ͘ associated to the same quasienergy ␤ j . The four terms describing the generation of light via FWM under these assumptions are
The generation of FWM light has four contributions from four different terms, each one resonant near the avoided crossings of its related quasienergy in the atom-field coupled system ͓see Eq. ͑8͔͒, characteristic in some multilevel atoms ͓14,15͔. The term F in Eq. ͑9͒ is a global resonance contributing to the location of the generated light as a function of detunings. This factor enhances the generation of light for specific detunings independent of the quasienergies.
IV. ANALYSIS
The generated light, as seen in Fig. 3 , includes resonant features that depend strongly on the detunings of the 1324 and 780 nm lasers for a given 795 nm laser frequency. The light at the diagonal resonances in Fig. 3͑b͒ ͑a , b͒, assuming energy conservation, has frequency 4 Ӎ cd ͑frequency of the atomic transition from 5P 3/2 to 6S 1/2 in Rb͒, because these resonances appear at ⌬ 1324 Ӎ ⌬ 780 , and then the detuning of the FWM light from the respective atomic transition is ⌬ 4 = ⌬ 1324 − ⌬ 780 Ӎ 0. The other two resonances in Fig. 3͑b͒ ͑c 1 , c 2 ͒ appear when the 780 nm laser is on resonance, ⌬ 780 Ӎ 0, and then the generated light has a frequency 4 Ӎ cd + ⌬ 1324 . The expected generated light in the FWM process is proportional to the absolute value of the atomic polarization, ͉P cd ͑ 4 ͉͒, described in Eq. ͑11͒. Figure 5 shows the threedimensional representation ͑a͒ and the contour plot ͑b͒ of the calculated atomic polarization oscillating at frequency 4 from Eq. ͑11͒ in units of dipole moment cd for the Rabi frequencies ͑⍀ 795 , ⍀ 780 , ⍀ 1324 ͒ / 2 = ͑170, 100, 100͒ MHz, chosen so that the generated light qualitatively matches the data. We estimate the experimental atomic Rabi frequencies from the intensities of the beams at the center of the cell and the dipole moments in Refs. ͓12,16,17͔ as ͑⍀ 795 , ⍀ 780 , ⍀ 1324 ͒ / 2 = ͑385, 170, 120͒ MHz; we assumed no light scattering, and we corrected for losses from the windows. Because of the absorption in the cell of the 795 nm light on resonance, and the 780 nm close to resonance in a Doppler broadened medium, we expect smaller Rabi frequencies than the ones we calculated to enter in the process. However, the Rabi frequencies used in the calculated atomic response should be of the order of the experimental Rabi frequencies. Figure 6 shows the absolute value of the four terms of the atomic polarization associated with the quasienergies of the system, in units of dipole moment cd , with the 795 nm laser on resonance. Every term ͉P cd i ͉ shows different resonances near the avoided crossings of its respective quasienergy ␤ i , and is modulated by factors in the denominators of the coefficients A i in Eq. ͑8͒.
The term P cd i ͑␤ i ͒ = ␣ i / i A i 2 in the atomic response in Eq. ͑11͒ is resonant at the avoided crossings of its quasienergy ␤ i with the other quasienergies: ͑␤ i − ␤ j ͒ → 0 for j i. Quasienergies with single avoided crossings produce single resonances, while quasienergies with double avoided crossings produce double resonances. Since the location of the avoided crossings depends on the detunings, the resonances displace for different detunings. The terms P cd 1 ͑␤ 1 ͒ and P cd 4 ͑␤ 4 ͒ are resonant at ͑␤ 1 − ␤ 2 ͒ → 0 and ͑␤ 4 − ␤ 3 ͒ → 0, due to the single avoided crossings of ␤ 1 and ␤ 4 , respectively ͑see Fig. 4͒ . Figures 6͑1͒ and 6͑4͒ show single resonant terms ͉P cd 1 ͑␤ 1 ͉͒ and ͉P cd 4 ͑␤ 4 ͉͒ related to ␤ 1 and ␤ 4 , respectively. The terms P cd 2 ͑␤ 2 ͒ and P cd 3 ͑␤ 3 ͒ are resonant at (␤ 2 − ␤ 1 ͑3͒) → 0 and (␤ 3 − ␤ 2 ͑4͒) → 0, respectively, due to the double avoided crossings of ␤ 2 and ␤ 3 ͑See Fig. 4͒ . Figures 6͑2͒ and 6͑3͒ show the double resonant terms ͉P cd 2 ͑␤ 2 ͉͒ and ͉P cd 3 ͑␤ 3 ͉͒ related to ␤ 2 and ␤ 3 , respectively. Note that the extra resonances for these last terms come from one of the avoided crossings that is relocated for different ⌬ 3 detunings, as shown in Fig. 4 in the case of different ⌬ 1 detunings.
The generated light is the result of the four contributions to the atomic polarization containing single and double resonances adding together to form the resonant structure shown in Fig. 3 ͑experiment͒ and Fig. 5 ͑theory͒. Figure 7 shows the experimentally measured location of the FWM resonance as a function of detunings when the laser at 795 nm is detuned from the atomic resonance. The structure of the generated light in this case is a diagonal in the ͑⌬ 1324 , ⌬ 780 ͒ plane. The diagonal resonance a ͑b͒ in Fig. 3 is more resonant when we red ͑blue͒ detune the 795 nm laser.
The common factor F in Eq. ͑9͒ displaces the avoided crossings of the quasienergies; positive detunings in ⌬ 795 shift some avoided crossings to negative detunings in ⌬ 1324 roughly the same amount, and vice versa. Figure 4 shows the avoided crossings for ⌬ 795 = 0 and ⌬ 795 / 2 = −350 MHz. The terms of the atomic polarization related to quasienergies with shifted avoided crossings produce the FWM light for ⌬ 795 0.
We detune the 795 nm laser below resonance ͑negative detuning͒, and we observe good agreement of the experimental result with the theoretical predictions ͑see Fig. 7͒ . When we detune the laser above resonance ͑positive detunings͒ we do not observe generated FWM light after a detuning of 300 MHz. The presence of strong absorption of the 795 nm light by the level 5S 1/2 , F = 2 prevents further generation from the 87 isotope. Figure 8 shows the two photon and 780 detunings of the FWM resonance measured as a function of detuning ⌬ 795 . The location in frequency of the FWM resonance is such that the two photon detuning ⌬ 2 photon = ⌬ 795 + ⌬ 1324 remains between 200 and 50 MHz, while the detuning ⌬ 780 is on the same order. The error bars come from the precision of the wave meter. These detunings cancel each other in the detuning of the generated light so that ⌬ 4 = ⌬ 2 photon − ⌬ 780 ϳ 0. As a result, the generated FWM light for the laser at 795 nm off resonance has the same frequency of the atomic transition 4 ϳ cd . FIG. 6. ͑Color online͒ Absolute value of the four contributions to the atomic response calculated with Eq. ͑11͒ as a function of detunings for the laser at 795 nm on resonance. Figure 5͑a͒ shows the total atomic response where single contributions add together in the generation of FWM light. Rb atomic states involved in this measurement are ͉a͘ = ͉5S 1/2 , F =2͘, ͉b͘ = ͉5P 1/2 , F =1͘, ͉d͘ = ͉5P 3/2 , F =1͘, and ͉c͘ = ͉6S 1/2 , F =2͘ in a diamond configuration ͑see Fig. 1͒ . Open circles are experimental results and blue ͑solid͒ lines are our theoretical predictions. The red ͑dashed͒ lines are the projections on the planes ⌬ 1324 = −1500 MHz and ⌬ 780 = −500 MHz. 
V. CONCLUSION
We have studied experimentally and theoretically nondegenerate FWM in rubidium vapor using a diamond configuration ͑5S 1/2 , 5P 1/2 , 5P 3/2 , and 6S 1/2 levels͒. We studied the generated light as a function of the involved detunings and Rabi frequencies. The FWM process is resonant in the avoided crossings of the quasienergies of the system, which depend on the strength of the interaction and the detunings of the lasers from specific atomic transitions. There are four terms contributing to the atomic response that are related to the quasienergies. Every term is resonant at the location of the avoided crossings of its related quasienergy as a function of detunings. A common factor in the atomic response, independent of the quasienergies, shifts the avoided crossings in frequencies, displacing the FWM resonances for different detunings. The FWM light as a function of three different detunings comes from the terms in the atomic response with shifted avoided crossings. These displacements of the FWM resonance conserve a zero detuning of the FWM light; the generated light in this regime has the same frequency of the related atomic transition.
